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ABSTRACT. Tests were performed in a free- sur fac ~ 

water tunnel to determine th e ventilated-drag charac-
teri sties of truncate d torpedo mode l s . The str e amline d, 
fully wetted mode l us e d for comparison in th e e xpe r i 
ments was a body of revolution with a fin e n e ss ratio o f 
8: 1 and a diame t e r of 2 inc h es . Th e drag base d on body 
volume for most of th e vente d, truncate d mod e l s was 
e qual to th e drag of t h e str e amline d, fully w e tt e d mode l. 
One particular mode l, with a short, boat-taile d afte rbod y , 
was the best of th e v ente d configurations from the s tand
point of combi n ed low drag and low air flow. At n o time 
during th e t ests d id any of th e mode l s v e nti lat e fo rward 
of the base. 0 \.)_ C 
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NOMENCLATURE 

Cross-sectional area of torpedo (TTC!   /4),   ft 

Base area of torpedo (TTd^/4),  ft" 

Drag coefficient based on cross-sectional area (D/q   A) 

Drag coefficient based on volume (D/q    ¥   '    ) 

Diameter of torpedo,   ft 

Diameter of base,   ft 

Truncation diameter,   ft 

Drag,   lb 

Freude number (V/vgi) 

Acceleration of gravity,   3^.13 ft/sec 

Ventilation number (P^   -   PC)MQ0 

Lengtli of torpedo,   ft 

Base - cavity pressure,   lb/ft 

Free-stream  static  pressure,   lb/ft 

Free-stream dynamic pressure (^pV^),   lb/ft 

Air-flow rate at free stream pressure,   ft  /sec 

Air-flow rate coefficient (Q/V^Ao) 

Critical air-flow-rate coefficient (cr+ designates increasing 
air-flow  rate1;  cr-  designates  reducing air-flow  rale) 

Reynolds number (V^f/v) 

Torpedo body volume,   ft 

Free  stream velocity,   ft/sec- 

Angle of attack,   deg 

Density of the  fluid,   slugs/ft 

Kinematic viscosity,   ft "/sec 
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INTRODUCTION 

Inte r e st in v e ntilated hydrofoils at th e U. S. N a val Ordna n c e T est 
Station, Pasade na, b e gan in th e mid-1950's and r esulte d in s e v e ral e x
p e rim e ntal and theoretical investigations (Ref. 1 - 10). A natural ex
t ension of th e s e inve stigations was the study on bas e -ve nte d torpe does 
r e porte d h e r e . 

Since m a ny modern torpe does us e thermal propul sion s yst e m s , e x
haust ga .:: is available for v entilation. If the drag of a torpe d o wi t h a 
v ente d, truncate d tail cone is r e asonably low, a con s ide rable g a in in 
packaging e ffici ency might b e obtain e d as a r e sult of th e r educ e d l e n g t h . 
N e w possi biliti es for both m e chani cal and hydrodynamic d esi g n change s 
would also e xist. 

To obtain suffici e nt basic data for d e sig n purpo s e s , a s e r ies of e x
p e r i m e nt s was planne d at th e fr ee-surfac e wat e r tunn e l, C alifo rni a 
Institute o f T e chnolog y (CIT). It was d e cided t o t est o n e s tr e amlin e d 
mode l and s e v e n base -vente d, truncate d m od e l s o f v a r iou s l e n g t hs. 
The obj ective was to m e asure drag and c avity pres sure a s f unction s of 
air-flow rate , angle of attack, and tunne l spe e d . The r e s ult s w o uld 
d e t e rmine : 

1. Wh e th e r bas e - v ente d torpe d o e s h a v e low e n o u gh dr ag t o b f' 
f e a s ible . 

2. The magnitude of the r e quir e d g a s -flow rate s . 
3. T he cavity pres sures i nvolved . 
4 . The r e s tri c ti o n s impose d by s p eed o r a n g l e of a ttack. 
5. Wh e th e r v enti l a ti o n o ccu rs ah e a d of t h e b as e . 

D ESCRIP T IO N OF MODEL AN D INS l' R. U MENTATTON 

Th e s tr e amline d t o rp e d o mod e l, d e sign a t e d as Mode l A , h a d a 
fi n e n e ss rat io of 8: 1, with a b lun t n ose fair e d i nto a 2-inch-dia m d l' r 
cylindrical c e nte r s ecti o n. Th e a ft e r body wa s th e Da vid Ta y lo r !\! odd 
Ba s in 4 174 shape fai r e d int o a L4° cone. Mo d e l s B - G w l' r l' b:tst.'-
v e nte d and w e r e id e nti cal t o M od e l A e x cept that t h c i r t a i l c n e s 
w e r e trun c a t e d a t v ..1 rious d i am e t e r s . M odel G wa s s impl y M o d e l A 
witho u t a tai l conl' . Mo d e l H wa s a l s o bas l'-vc nte d, but h ;t d a bo .Jt
t ai l e d a ft e rbod y con s is t ing of an a r c of 3 - in ch r adiu s . Th e ba s i c fo r 
wa r d s ect ion a nd it s in t e r changeab l e aftc rbo di cs a r c s ho wn in F ig . 1. 
Th e mod e l s v a r i l·d as follows : 



XAVWEPS REPORT  8559 

A 

H 

FIG.  1.   Models and Struts 
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Confi s,;uration 

A 
B 
c 
D 
E 
F 
G 
H 

Ratio of Base to 
Cylinder Diame t e r, "/o 

0 
30 
50 
72 
Sj 
89 

100 
87 

The models w e r e supporte d with a lenticular strut 3/B inch thick, 
with a chord l e ngth of 3 inches. Two air channe ls passe d through th e 
strut, th e n through the mode l to ports in the bas e ; one was use d for 
m e asuring base-cavity pressure, the other for supplying air for v e nti 
l a tion. The joint between the afterbody and the center section was 
sealed with a flat gasket to prevent air leakage. 

A Fische r and Porte r Co. rotame t e r was use d fe r m e asuring th e 
air-flow rate within 1"/o. The air pre ssur e at th e rotam e t e r was 
m e asure d by a bourdon tube gage t o an accuracy of 1/10 p s i, while 
th e air-flow rat e was controlled by m e ans of a conve nt ional flo w
r e gulating valve . Base -cavity pr e ssure was m e asur e d wi t h a CIT
d e v e loped s e ri e s of wate r manome ters and valve s hav in g an a ccurac y 
of about 2"/o. 

The CIT fr e e- surfac e water tunn e l is d e s c ribe d in R e f. 1 J, and the 
m e chanical balanc e us e d in m e asuring drag in R e f. 12. Th balan c e 
m e asures th e drag to l/1000 pound but, b ecause of fluctu a t ion s o f flow 
i n th e tunn e l, t h e data ar e valid to only 1/100 pound. U n l e ss oth e rwis (' 
state d, all th e t e sts d e scribed here w e r e conducte d at 24.6 ft /sec. 

FLOW DESCRIPTION 

The flow pattern s b e h ind th e bas e s of Mode ls C- H, wh e n th e y arc 
partially v e nte d , ar e shown in Fig. 2- 7. Note that a r e lative ly s h o rt 
r e g i on of s e parate d flow, compos e d of a bubbly ai r- wat c r m ixtur l' , 
e xi s t s directly b ehind th e bases . 

A s t h e air-flow r a t e incr e a se s, an incre a s in g a mount of ai r is 
mixe d with th e w a t e r i n t he r egio n b ehind th e ba se until s udde nly <1. n 
a ir - fill e d cavity a ppe ar s . Th e a ir-flo w rate a t thi s point i s call ed the 
c r i t ic al value , and th e mod e l i s s aid to b e bas e -ve nte d. F igur es 8- 14 
sho w Mode l s B - H with base -ve nte d caviti e s . N o t e how t h e ai r - w ate r 
inte rface t e nd s t o ext end th e s treamline d b ody c ontour r f' a r wa rd, ~ o 
th a t a p s e udo tai l con e is fo rm e d. 

If th e a i r-flow r ate is furth e r in c r e a sed, t h e cav i t y chan ges l ittl e 
111 s h ape but b ecomes d is t e n d e d n c a r t h e e nd (Fig . 15 and 1(, ). 

j 
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FIG. 2.   Model C,   Partially Vented. 

FIG. 3.   Model D,   Martially Vented. 

FIG. 4.   Model E,   Partially Vented. 
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FIG. 5.   Model  F,   Partially Vented, 

FIG. t..   Model G,   Partiallv \' < nted, 

FIG. 7.   Model  H,   Partiallv Vented. 
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FIG. 8.   Model  P.,   ha.sr Vfnlt-d, 

P^G.9.   Mod.-l C,   HaS(.  Vmtvd. 

FIG. 10.   Mod-l  D,   i',,i..    V.-nt-.-d. 
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FIG. 1 1.   Model   K,   Ra.s.' Vciu.ri 

FIG. U.   Model   F,   l'a-,.'  Ve.iti 

FIG. 1 >.   Mode] G.   F.i -■    Vcnf.-d. 
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FIG. H.   Model H,   Base Vmtrd. 

FIG. IS.   MCKICI C,   Base Vt-ntrd,   KIRII  Air-Flow Rat. 

FIG. 1'..   Model K,   Base V.-ntcd,   lii.uh  Air-Flow Ral( 
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Increasing the angle of attack, Q, of a base-vented model has th e 
effect of making the cavity more asymmetrical and causing twin vor
tices to form, as shown for Models D and H in Fig. 17- 20. 

The air-flow rate can be reduced below the critical value without 
disturbing the air-filled cavity; this phenomenon is called a "hysteresis 
effect," since the critical air-flow rate coefficient with r educing flow, 
O~r-, is less than the critical flow-rate coefficient with inc rea s ing, 
flow, Ocr+· If the flow rate is then reduced further, the air-filled 
cavity collapses and the original flow pattern, composed of a gas-water 
mixture, arises once again. The various stages of collapse can be 
seen in Fig. 21- 23 for Model D. As the cavity gets smaller, the re
entrant jet can be seen to impinge on the lower cavity wall closer and 
closer to the base. When the disturbance inside the cavity caused by 
the re-entrant jet is sufficiently great, the cavity collaps e s and take s 
on the appearance of Fig. 3. 

RESULTS AND ANALYSIS 

The drag coefficients CDA and Coy are plotte d as fu n c tion s of th e 
dimensionless air-flow rate 0' in Fig. 24 and 25, r esp ectively, for 
Models A - H at Q = 0 o. Perhaps the most r e asonable way to compar e 
drag is on the basis of unit volume, as in Fig. 25, rather than unit 
cross-sectional area, as in Fig. 24. Wh e n this is done , th e result is 
that Cov. for all bas e -vented mode ls exc e pt G, is e sse ntially th e s am e 
as for Model A, the parent stre amline d mod e l. The ex ception , Mode l G 
(dc/d = IOOo/o), has 25"/o highe r drag. 

It is seen that the fully wetted drag base d on th e volum e of e ach 
model incre ase s as th e truncation diame t e r inc r e ases , with th e ex cep
tion of Model H (dc/d = 87"/o), whose drag li es midway b e tw e e n Modl'l E 
(dc/d = 8lo/o) and Mode l F (dc/d = 89"/o). Th e primary diffe r e n c e be 
tween the models is that Model H has much g r e at e r curvature ah e ad of 
its base. Typical of all the curve s is th e s udd e n r e duction in drag to 
a minimum value as Ocr is r e ache d. The drag th e n r e main s e ss e n 
tially constant as 0 ' incre as e s furth e r. 

CAVITY PRESSURE 

Cavity pressure , expresse d in dime n s ionles s form, is r e pr e s e nt e d 
by the ventilation numbe r 

K = 
p - p 

00 c 

9 
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FIG. 17.   Model D,   Base Vented,   Side View,   n 

FIG. 18.   Model  D,   Bahe  Vented, 
[bottom  Vi ew,   n       e 0. 

, 

FIG. 1".   Model (1,   Base  Vented,   Side View,   n 

FIG. 10.   Model 11,   Base  Vent.-d, 
[bottom View,   a       ' ' . 

10 
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FIG.^1.   Modfl  D,   Karls  Sta^.- of Cavity Collaps. 

FIG.--.   Model  D,   Lal.-r Staur ui  CaviU   Cnllap 

FIG.-3.   Mod.'!  D,   Slill   Later Stau.' nl   Cavity (oll.ip-. 
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where Pao and q 00 are the free-stream static and dynamic pressure s, 
respectively, and Pc is the cavity pressure. Looking first at the fully 
wetted base pressure in terms of cavity number K, it is seen in Fig. 2f. 
that K increases progressively as truncation diameter increas e s, ex
cept for Model H. The increased tailcone curvature of Model H has 
apparently produced an increase in its base pressure and a reduction 
in its drag . 
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FIG. 26. K Versus Q', Mode l s A Thro ugh H. 
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When the mode ls are vente d, a similar progre ssion in th e incr e ase 
of K with increasing truncation diame t e r is s een, again with th e ex
c e ption of Model H. Th e photographs of the v ented condition, Fig . 8- 14 
indicate that th e cavity length of Mod e l H is much shorte r than tho s e o f 
th e basic family having the same truncation diam e t e r; this is appare ntl y 
cause d by th e increase d tailcone angle and th e curvature at its bas e . 
Note that the cavity pre ssure s of all th e base -ve nte d mode ls are g r e ate r 
than th e d epth pre ssure s, with th e exc e ption o f Mode l G, th e lOOo/o 
truncation. This r e sult is expected, howe v e r, sinc e any pote nti al-flow 
solution of a stre amline d body (i. e ., body plu s cavity) would pr e di c t a 
pre ssure gre ate r than fr ee - stre am at the tail. 

]J 
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CRITICAL AIR-FLOW RATE 

It is seen in Fig. 24, 25, and 26 that when the air-flow rate reaches 
the critical value O~r• then CDA• Coy. and K all sudde nly and s i mul
taneously reduce to steady m i nimum values. Thi s ph e nome non occurs 
simultaneously with the formation of an air-fille d cavity. All th e data 
in Fig. 24, 25, and 26 were acquired by incre asing the air-flow rate ; 
the hysteresis effect caused by reducing air-flow rate is not shown. 
The following table derived from the basic data she ets shows th e value s 
of O~r+ and O~r - as a function of model configuration, angle of attack, 
and truncation diamet er: 

Model n,deg dc/d O~r+ O~r-

B 0.00 30 a a . . . ... 
c 0.00 50 0.007- 0.011 a ... 
D o.oo 72 0.010 0.006 

E o.oo 81 0.010 0.006 

F 0.00 89 0.012 0.007 

G o.oo 100 0.017 0.010 

H 0.00 87 0.008 0.006 

H 2.62 87 0.009 0.009 

H 4.29 87 o.o 11 0.011 

a Not m e asurable with the e quipm e nt 
used. 

It is seen that some of th e critical air-flow rates are v e ry low , 
since Q' represents the fraction of free- stream ve locity r equi r e d to 
ventilate the base. The value of O~r for Model H is much lowe r than 
those of the other models with e quivalent truncation diameters. 

EFFECT OF TUNNEL SPEED 

Tests on Models A and H w e r e conducte d to d et e rmine wh e th e r s i g 
nificant scaling e ffects occurr e d as th e r e sult of a chang e in tunn e l 
velocity. The results of Fig. 27 show that th e ratio of COy at 15 ft/ sec 
to COy at 25 ft/s e c for Models A and H are 1.09 and 1.07, r e spe ctive ly. 
The ratio of turbulent skin-friction coe ffici e nts at the two R e ynolds 
numbers is about 1.08. Conse quently, the change in m e a s ured drag 
appears to be caused by the change in fr i ctional drag w,ith R e ynold s 
number (R 1 = V00l/v). 

14 
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15 (t / oec 

Model: A- 0 . ca = o• . l5 ft / oec 
A- 0 · Q = 0", 15 (t / oec 
H- S), ca = o• . l5 ft / oec 
H- 0 . Cl = o• . 15 Ct / oe c 

lS (t/eec 

FIG. 27. Effect of Tunnel Speed on Co:y:• Models A and H. 

It is also seen in F .g. 27 that a change in speed has no effect on 
either O~r+ or O~r-· Similarly, speed has no effect on cavity number, 
K, as plotted in Fig. 28. As a result, the cavity characteristics ap
pear to b e functions of dynamic pressure and not Froude numbe r 
(F = V /~) or Reynolds number. 

ANGLE OF ATTACK 

Th e effect of angle of attack on Coy (Mod e l s A and H) and K 
(Mode l H) are shown in Fig. 29 and 30, r e spec tive ly. The drag of 
Model H increased about 30o/o from a = 0 ° to a = 4.3° and the drag of 
Model A increased 7o/o. The drag increase of Mode l H was b e li e v e d 
to have resulte d from a r e duction in base pre ssur e cau s e d b y an 
increase d asymmetry of the c avity and th e formation of twin vortices . 
The value of K is seen to incre ase (i. e ., base pr e ssure r e duc e s ) f r om 
-0.036 at a = 0° to -0.006 at a = 4.3°. 

It i s also s een in Fig. 29 and 30 that O~r+ inc r e a ses from 0.008 t o 
about 0.011 as a inc r e ases from 0 o to 4. 3 o. Th e hyste r e sis e ff e ct d is
appe ars above a = 2.6°. 

15 



NAVWEPS REPORT 8559 

. 10 I I I I I I I I I I 

.08 - -

.06 - ca =o· -

.04 - Model: H · O , l5 ft/eec -

~ 
H-0. 15 ft/eec 

.Ol -
:Ill: 0 ~ ~ -

-.Ol ~ -
lS ft/eec 

-.04 ~ 
,_ 

IS ft/eec 
-.06 r- -
-.08 ~ -

- . 10 1 1 1 I I I I I I I 
0 .01 .Ol .03 .04 . OS .06 .07 .08 . 09 . 10 .I I 

Q 
. 

FIG. 28. Effect of Tunnel Speed on K, Model H. 

CONCLUSIONS 

The results show that there was no drag penalty for most of the 
base-vented configurations since the drags based on body volume were 
the same as for the fully wetted streamlined configuration. Of all the 
configurations tested, only the model with the lOO'o truncation had a 
higher drag per unit volume than the streamlined model. 

The boat-tailed configuration, Model H, had the shortest tail cone 
and the lowest critical air-flow rate of all t._,e configurations tested, 
with no penalty in drag. 

It was found that the cavity pressure was greater than the depth 
pressure for all base-vented modds having a truncation diameter 
less than about 901o. The gas-flow hysteresis effect was found to in
crease with increasing truncation diameter and to reduce with increas
ing angle of attack. 

The results show that the drag coefficient varies with Reynolds 
number in proportion to the coefficient of turbulent skin friction . 
Neither the critical air-flow rate coefficient, Otr• nor the ventilation 
number, K, were noticeably affected by Reynolds or Froude numbers. 

There was no sign of ventilation forward of the base during th e 
entire test series, including exploratory tests up to an angle of attack 
of 6 •. 

16 
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There was a drag increase of about 30o/o for Model H plac e d at an 
angle of attack of 4,3•; in addition, the critical air-flow coeffici e nt, 
O~r• increased about 36o/o. These two increases were apparently 
caused by a reduction in base pressure, the asymmetry of th e base 
cavity, and the formation of twin gas-filled vortic e s at the rear of th e 
cavity. 

18 
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